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We present a theoretical study on the recombination of a free electron into the ground state of a 
hydrogen-like ion in the presence of an external laser field. Emphasis is placed on the effects caused 
by the laser dressing of the residual ionic bound state. To investigate how this dressing affects the 
total and angle-differential cross section of laser assisted radiative recombination (LARR) we apply 
first-order perturbation theory and the separable Coulomb-Volkov-continuum ansatz. Using this 
approach detailed calculations were performed for low-Z hydrogen like ions and laser intensities in 
the range from II ~ 10^^ W/cm^ to II = lO'^^W/cm^. It is seen that the total cross section as a 
function of the laser intensity is remarkably affected by the bound state dressing. Moreover the laser 
dressing becomes manifest as asymmetries in the angular distribution and the (energy) spectrum of 
the emitted recombination photons. 


I. INTRODUCTION 


The recombination of a continuum electron into a 
bound state of an atom or ion accompanied by the emis¬ 
sion of a photon is commonly called radiative recombi¬ 
nation (RR). This fundamental process can be observed 
in many laboratory and astrophysical plasmas and in ion 
or electron storage rings m- The cross section of this 
process as well as the energy and angular distribution 
of the emitted recombination photons have been studied 
extensively during the last decades both in theory and 
experiment (see Ref. [SE] and references therein). The 
characteristics of the emitted radiation may change re¬ 
markably after all if the electron and the nucleus are ex¬ 
posed to an external laser field. This additional field can 
accelerate or decelerate the electron before the recombi¬ 
nation takes place and, hence, may broaden the spectrum 
and also modify the emission pattern of the recombina¬ 
tion photons. It is of major importance to understand 
these effects since laser assisted radiative recombination 
(LARR) is the third step in the process of high harmonic 
generation HE]. Moreover the external laser can cause 
a signihcant gain of the recombination yield which may 
support the generation of neutral antimatter ISHIQ]. 

LARR was studied in a number of experiments e.g. at 
the test storage ring (TSR) in Heidelberg, at the GSI 
in Darmstadt and at the Helmholtz-Institute Jena m 
ED- To understand the evidences found in these exper¬ 
iments a number of theoretical studies have been per¬ 
formed HEIIMIH]- Up to now most of these studies 
were carried out in the context of the strong field approx¬ 
imation (SFA). In this theory, originally introduced by 
Keldysch, Faisal and Reiss [TB1 - [T5| . the incident electron 
moves solely in the field of the external laser while the 
laser influence is neglected for the final bound electron. 
During the recent decades some advancements of the SFA 
approach were proposed. In particular an extension was 
developed to include the influence of the Coulomb field 
into the description of the incident electron [19]. More 
recently first steps to include the laser influence on the 


residual bound state in the theory either perturbatively 
or by means of an Floquet expansion have been done 
[3DH21|. Combining these advancements Shchedrin and 
Volberg [24] performed a technical analysis of a theory 
where both, the Coulomb distorsion of the continuum 
wave function and the perturbative dressing of the resid¬ 
ual bound state were included. However up to now no 
calculations of the differential LARR cross section have 
been presented respecting the influence of both potentials 
on both electron states. Moreover the effect of bound 
state dressing on two-color photoionization has been dis¬ 
cussed [ 21 ] but was not analyzed in the context of LARR 
up to now. Therefore, in this contribution we investigate 
in detail, how the laser dressing of the bound state affects 
the photon emission in LARR. Our study is based on an 
S-matrix approach where we account for the influence 
of both helds (laser and Coulomb) in the representation 
of the initial and final electron state [2I1[21]- The inci¬ 
dent electron is described by a separable Coulomb-Volkov 
wave function, the final one by a perturbative expansion 
of the laser dressed bound state up to the first order. Us¬ 
ing this approach, outlined in Sec. HI we present results 


for the angle-differential partial cross section in Sec. IV A 


as well as the total cross section in Sec. I IV HI We find 
that the total cross section is typically enhanced due to 
the assisting laser field. Moreover the bound state dress¬ 
ing significantly affects the angular as well as the energy 
distribution of the recombination photons. 

Atomic units are used throughout this paper (e = 
rrie = h = I), except when stated otherwise. 


II. GEOMETRY OF LASER ASSISTED 
RADIATIVE RECOMBINATION 

Let us first discuss the geometry used for our descrip¬ 
tion of LARR. Fig. [^ displays an atom in its rest frame. 
The quantization axis (z-axis) is chosen along the asymp¬ 
totic momentum of the incident electron p. The polar¬ 
ization vector of the laser photon together with the 
electron momentum p defines the ccz-plane. In this work 
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FIG. 1. Geometry of laser assisted radiative recombination. 
The 2 -axis is given by the asymptotic momentum p of the 
incoming electron. The xz-plane is defined by p and the laser 
polarization e_L. The angle between these vectors is x- The 
recombination photon is assumed to be emitted in the xz- 
plane and therefore characterized by one angle 9k- 

we restrict ourselves to coplanar geometries in which the 
propagation direction k of the recombination photon lies 
also in the xz-plane. Therefore we can characterize both, 
the polarization of the laser photon and the momen¬ 
tum k of the recombination photon solely by their polar 
angles x and 9k with respect to the z-axis. 


the wavelength Al of this field is much larger then the 
size of the atom oq the dipole approximation can be ap¬ 
plied and the vector potential written as 

AL{t) = ElAl cos{ujLt). (3) 

The corresponding electric held is then 

EUt) = elEl sin{ujLt). (4) 

The laser intensity in terms of the electric held am¬ 
plitude El = ujlAl is given by II = cEj^lAir. 


A. Bound and continuum wave functions 

In order to calculate the S-matrix Q of LARR we need 
to know the bound and continuum state wave functions 
ipnimi'r’, t) and '0p(r,t). Since no analytical solutions are 
known for the Schrddinger equation with Hamiltonian 
H{t) (Eq. ([^) we will show below how approximations 
can be derived for the initial continuum and hnal bound 
state of the electron. 


III. THEORY 


1. Separable Coulomb-Volkov continuum state 


In this section we shall derive analytical expressions 
for the cross section LARR. This cross section can be ex¬ 
pressed in terms of the S-matrix element that is a mea¬ 
sure for the probability that a continuum electron with 
momentum p recombines into the bound state with quan¬ 
tum numbers (n, I, m) accompanied by the emission of a 
single recombination photon with frequency LOk and po¬ 
larization 

/ OO 

-OO 

( 1 ) 

Here A is the helicity of the recombination photon and 
ipp{r,t) and tpuimifA) are the initial continuum and fi¬ 
nal bound state wave functions of the recombining elec¬ 
tron. In the non relativistic regime these wave functions 
are taken as solutions of the time dependent Schrddinger 
equation with the Hamiltonian 

Hit) = ^-^+AL{t)-p+^AL{tr, ( 2 ) 

where p is the electron momentum operator, Z the nu¬ 
clear charge and (t) the vector potential of the exter¬ 
nal laser field with frequency ujl and polarization e^. If 


In Eq. Q t) describes the incident electron mov¬ 

ing in the superposition of the atomic and the external 
laser potential. A well established approach to approxi¬ 
mate such a wave function, is to construct so called sepa¬ 
rable Coulomb- Volkov continuum states |2hj . We briefly 
recall here the derivation of this wave function that has 
been originally introduced by Jain and Tzoar [26j . 

We assume that the electron motion in the continuum 
is mainly influenced by the external laser field. Therefore 
the starting point for the construction of ipp(r,t) is the 
well known Volkov wave function 


Xp{r,t) = e*P’'exp 


/ 

-i Eit -I- El ■ps\n{ujLt) 

\ UJl 

+ ^y cos^(wLr)dr 


(5) 


which is the exact solution of the Schrddinger equation 
for an electron with kinetic energy E^ moving in a spa¬ 
tially homogeneous laser field switched on adiabatically 
at to — OO. To additionally account for the relatively 
weak influence of the Coulomb field we replace the plane 
term exp(Ip • r) in Eq. by the continuum wave func¬ 
tion (j)p{r) of a hydrogen-like atom m 


il)p{r,t) = f/fpMexp 

= (ztt) 2 exp 


-i E^t H- El • psin{ujLt) 

-^L 

iip-r- Eit - El •psin(a;Lt) 

WL 


exp ( ^ ) T{l-iZ/p)iFi [iZ/p,l,i{pr-p-r)]. 


( 6 ) 
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but neglect all terms of the order ~ A\ and higher. Here 
iFi{a,b,z) and r( 2 ;) are the confluent hypergeometric 
function and the gamma function, respectively. 

This approximation ®> is valid as long as the asymp¬ 
totic electron momentum p is large compared to the mo¬ 
mentum transferred to the electron by the laser field 
PSI [5S] . As seen from Eq. (§ this momentum transfer is 
quantified by the laser vector potential Ai(t). Therefore 
the validity condition reads as 


Al 

P 


Al 


< 1 . 


(7) 


For further discussion of the separable Coulomb-Volkov 
wave function and its validity we refer the reader to the 


literature (e.g. Refs. P51E5] 1. 


2. Laser dressed bound state 

In the last section we derived the wave function '4!p{r, t) 
for a continuum state electron in a combined laser and 
Coulomb field. We obtained ippi't'A) under the assump¬ 
tion that the atomic field is much weaker than the 
laser one. This is not the case if the electron is in a 
bound state. The intensity of the coulomb field for the 
ground state of hydrogen is Ic = (a^e/aome)^c®eo/2 = 
3.5 X 10^® W/cm^ which is much larger than any laser in¬ 
tensity discussed in this paper. To derive the bound state 
wave function, therefore, we can treat the laser vector 
potential A^it) perturbatively. In first order time de¬ 
pendent perturbation theory ipnimit'A) can be written 
as [291 [30]: 


= e 


— iEnt 


A, 


Kimir) - ^ 


„iuJLt 


■ Wl 






m)4^n'l'm' (^) 


( 8 ) 


where in the second term we restricted the summation to 
the bound state solutions 4>nim of the Schrddinger equa¬ 
tion for hydrogen like ions and uin'n = En — En' is the 
energy difference between the levels with principal quan¬ 
tum number n and n'. Additionally we assume that the 
laser is not in resonance with any atomic transition. 

Even though Eq. Q holds for any bound state we 
restrict ourselves to the Is ground state, which is the 


dominant decay channel. Moreover if this capture into 
the K-shell is assisted by an optical laser with frequency 
ujl ^ 10.2 eV < ujn'i the so called soft photon approx¬ 
imation is applicable [niisii and we can neglect wl in 
the denominators in Eq. (|^: 


ipis{rA) = V'ioo(r,t) = e 


—iEnt 


</>ioo(r) - Al cos{ujLt) 


E 

n'l'm 


1 


, tOn'l 




(9) 


To further simplify this expression we apply the Heisen¬ 
berg equation of motion for the unperturbed atomic 
Hamiltonian iJg = p^/2 — Z/r and rewrite the matrix 
element 

{,4^n’Vm'\^L ' 'P\4^nlrrL} — n{4^n'I'm'\^L ( 79 ) 


term [dressing term) is the perturbative correction due 
to the external laser. This correction is proportional to 
and, hence, the approximation is valid as long as 
<C 1. In our calculations for hydrogen we consider a 
characteristic length r = oq = 1 a u. 


from velocity to length form. This allows us to perform 
the summation in Eq. ([^ over the states (j>n'i'm' explic¬ 
itly and to finally obtain: 


B. Evaluation of the S-matrix element 


ipisirA) = e "^^*(j)ioo{r)[l-iALeL-rcos[uiLt)]. (11) 

The first term on the right hand side of Eq. 0 is 
the unperturbed atomic wave function while the second 


With the wave functions before ([^ and after (11) the 
capture in hand we can calculate the S-matrix of LARR. 
By inserting these wave functions into Eq. ([^ we obtain 
for the recombination into the ground state 
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/ OO 

dt(V'i 5 (r,i)|e*‘^'“‘(e^ • V)|0p(r,t)) 

-OO 

-if dt f +iALeL ■ r cos(wLt) e*” 0^oo(r)(e^V)<^p(r), 

i-oo Jr3 V / 


( 12 ) 


where we defined n = A^el ■ p/ujl- Moreover we ap¬ 
plied the dipole approximation for the interaction of the 
emitted recombination photon and the electron. In this 
approximation is fc • r ^ 1 which is well justified for all 
cases discussed in this paper. 


The time integration in the second line of Eq. (12) can 
be performed analytically if we make use of the Jacobi- 
Anger expansion and its first derivative with respect to 
t: 


^ 3N{K)e^^‘^^\ (13a) 

N— — (x> 

. OO 

coswLte*'^"”^^^*) = - y A^Jjv(K)e*^“^‘, (13b) 

hi ^^ 

N— — 00 


where Jtv)^) is the Bessel function of the first kind. The 
time integrated S-matrix for the recombination into the 
ground state then can be written as: 

OO 

Sis = -27ri y 6{Ei - Ei + ujk - Nujl) 

(14) 

xM^^'>{AL,eL,p, Z), 

where the delta function provides for energy conservation 
and El is the binding energy of the ground state of the 
hydrogen-like ion. In this notation the photon number N 
can be interpreted as the number of laser photons that 
is absorbed (N > 0) or emitted {N < 0) by the electron. 
Therefore the S-matrix ( |14[ ) is an infinite sum of partial 
matrix elements M^^\AL,eL,p,Z) each corresponding 
to a particular number N of exchanged laser photons. 
These partial matrix elements can be written 


M^^'>{AL,eL,p,Z)= J^(«) (MRR{p,Z) + ^^Mdr{p,Z) 


£l P 

as the sum of two constituent matrix elements Mrr{p, Z) and Mdr(p, Z) 


Mrr{p,Z) = Bel ■ 6; 


p — iZ 


Mdr{p,Z) = B [1-i 


{ipTi) ' 

.Z\ {Z-ip)-^^^/P ^ ^ ^^2p^-ipZ 


P J {p^ + Z‘^')'^~'-^Ip 


2(eL ■ ep)(efc • e^) 


Z2-hp2 


(15) 

(16a) 

(16b) 


where B = 2'Ki\/2Z^ exp{'KZ/2p)T{\ — iZjp) and Cp = p/p is the unit vector that points the initial asymptotic 
electron momentum. 


r 


Eq. (16a) represents the standard matrix element of 
laser-free radiative recombination, where = 0. In 
this case is k = 0 and we get S'ls = —2TTi5{Ei — 
Ei + ujk)MRR{p, Z). The constituent matrix element 
Mdr{p, Z) has its origin in the laser dressing contribu¬ 
tion to the bound state wave function (11). By setting 


C. Differential and total LARR cross section 


Mdr{p,Z) = 0, therefore, we can readily investigate re¬ 
sults for bound states uninfluenced by the laser field. 
This splitting of the partial matrix element into 

two parts is consistent with the findings of Shchedrin and 
Volberg [24]. 


Up to now we discussed expressions (15) and (16) for 
the partial matrix element M^^'> of laser assisted radia¬ 
tive recombination into the ground state of a hydrogen¬ 
like system. We can use these expressions to calculate 
the total and angle-differential LARR cross section. For 
example the angle-differential partial cross section for the 
recombination of an electron accompanied by an emission 
or absorption of N laser photons is given by 


dcr 


(TV) 


dflt 


^ I 


(17) 


Here c is the speed of light in vacuum and Vlk the solid 
angle into which the recombination photon is emitted. 
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Moreover we assume that the polarization of the recom¬ 
bination photon remains unobserved and hence sum over 
the helicity A. 

The frequency LUk of the recombination photon in Eq. 
0 is given by the conservation law 

u;k{N)=E,-Ei+Nu;L- (18) 

Since uJk is always positive, the photon number has to 
yield the inequality N < Nmin = {Ei — Ei)/ojl- 

From Eq. 0 we can obtain the total cross section 
by integrating over the solid angle flk and summing over 
the photon number N from \Nmin \ to infinity: 


uis = — ^ ^ / dflkUJk{N) 


C'^P 


N^Nrr. 




(19) 


This cross section characterizes the probability to pro¬ 
duce a hydrogen ion by LARR. However the sum in Eq. 
(191 is infinite not all terms contribute equally to the to¬ 
tal cross section. If we perform a stationary phase analy¬ 
sis of Eq. (12) (following Refs. [32l[33]) we find that the 
partial matrix element is nearly zero if |A^| exceeds 

the cut off photon number 


Ncut = Alp/ujl- ( 20 ) 

Accordingly if Ncut < |A^mm| we can take -oo 

without changing the result significantly. 


IV. RESULTS AND DISCUSSION 
A. Differential partial cross section 


In the past LARR has been discussed mainly within 
the strong field approximation (SEA) [191 [34]. The laser 
influence on the bound state is neglected in this approx¬ 
imation. Anyhow we expect from previous attempts |24] 
that the emission pattern and energy distribution of the 
recombination photons is affected by the bound state 
dressing. Therefore we use our theory to investigate these 
effects and perform calculations for the angle-differential 
partial cross section. 

In Fig. we show the differential partial cross sec¬ 
tion of laser assisted recombination into the Is state of 
hydrogen. The calculations have been carried out for a 
fixed photon emission angle 6k = 175° and an external 
laser {Hujl = 2eV) with two different laser intensities 
II = lO^^W/cm^ (upper panel) and II = lO^^W/cm^ 
(lower panel). Results are shown with (circles) and with¬ 
out (triangles) incorporation of the laser dressing of the 
bound state. Of course, the LARR cross section is only 
defined at the discrete energies uJk{N) shown in Eq. (18) 
and the solid and dashed lines are only shown to guide 
the eye. 

It is seen in Fig. that the spectrum is not just a 
single line, as it would be for the laser-free radiative re¬ 
combination, but a distribution of photon energies. The 


.7^ = 10i2w/cm2 • 

■ 
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,4 
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FIG. 2. Angle-differential partial cross section (171 for the 
laser assisted recombination of a, Ei = 200 eV electron and a 
hydrogen nucleus {Z = 1) as a function of the recombination 
photon energy LUkiN). The calculations have been performed 
for a photon emission angle 9k = 175° and a laser polariza¬ 
tion angle y = 135°. The laser parameters are Hojl = 2eV, 
II = 10^^ W/cm^ (upper panel) and 7^ = 10'^®W/cm^ (lower 
panel). The dashed lines and triangles refer to the results 
where the dressing of the target bound states is neglected. 
The spectrum is discrete and the lines are only shown to guide 
the eye. 


width of this distribution increases from about 18 eV for 
II = lO^^W/cm^ to 46 eV for = lO^^W/cm^. This 
intensity-dependent broadening of the spectrum can be 
understood from the scaling of cut off photon number 
Ncut that becomes larger as the intensity increases (cf. 
Eq. ^). 

As seen from Fig. the ’’dressed” and ’’undressed” 
results behave quite differently as a function of uJk{N). 
The results obtained without bound state dressing are 
almost symmetric around the field free photon energy 
where N = 0. A slight increase of dcrJ^Vdf^fc towards 
higher photon energies is caused by the prefactor 0 Jk{N) 
in Eq. ( jT?] ) that scales linearly but weakly with N. If, 
in contrast, the bound state dressing is included into the 
computations, the photon distribution becomes strongly 
asymmetric. This can be explained by the fact that the 
contribution of Mdr{p, Z) increases with N as seen from 
Eq. (15). For higher intensities sidebands with larger 
photon numbers are visible and therefore the asymme¬ 
tries become more pronounced. 

Fig. i displays the spectral distribution 0 of the 
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FIG. 3. Angular differential partial cross section for the laser assisted recombination of a iJ; = 15 eV electron into the ground 
state of hydrogen (Z=l) as a function of the photon emission angle 9k- The assisting laser has an intensity of II = 10^^ W/cm^ 
and the frequency ku)L = 2eV. Its polarization angle is x = 65°. Results are shown for four different recombination photon 
energies; in the upper row huJk{N = —1) = 26.61 eV (left panel) and huJk{N = 1) = 30.61 eV (right panel) while in the lower 
row huJk{N = —4) = 20.61 eV (left panel) and huJk{N = 4) = 36.61 eV (right panel). In all panels we show results obtained 
including (solid lines) and omitting (dashed lines) the bound state dressing in comparison. 


recombination photons for a fixed photon emission an¬ 
gle 9k- In order to investigate the 0fe-dependence of 
dcrj^ /dflfe we present in Fig. I^the angular distribution 
of the recombination photons emitted during the recom¬ 
bination of 15 eV electrons into the Is state of hydrogen. 
The calculations were performed for a laser with inten¬ 
sity II = lO^^W/cm^, frequency huj^ = 2eV and dif¬ 
ferent energies of the recombination photons: hu;k{N = 
— 1) = 26.61 eV (top left panel), hujk{N = 1) = 30.61 eV 
(top right panel), hujk{N = —4) = 20.61 eV (bottom left 
panel) and hujk[N = 4) = 36.61 eV (bottom right panel). 
Again we compare results obtained including (solid lines) 
and neglecting (dashed lines) the bound state dressing. 
As seen from Fig. the emission pattern of the recom¬ 
bination photons is symmetric around 90° if the bound 
state wave function is assumed to be uninfluenced by 
the laser. This behaviour is easily understood by set¬ 
ting Mdr{p,Z) = 0 in Eq. (151. The LARR cross sec¬ 
tion 0 can be written then as 






1 — lepCfcl^ = sur 9k (see Ref. m)- This angular dis¬ 
tribution is independent on the photon number N and, 
therefore, the same for all recombination photon ener¬ 


gies (cf. Fig. [^. However a different angular behaviour 
occurs if the bound state dressing is taken into account. 
The constituent matrix element Mdr{p, Z) contains addi¬ 
tional angular dependent terms that lead to an asymmet¬ 
ric shift of the angular distribution. This shift becomes 
larger for higher photon numbers N which enter Eq. (15) 
as a prefactor of Mdr{p,Z)- However as seen from Fig. 
[^and Eq. (20) large N contributions become only visible 
a IL or Ei is sufficiently high. 


B. Total cross section of LARR 

In the previous section we have shown that the differ¬ 
ential partial cross section 0 of laser assisted radia¬ 
tive recombination (LARR) may be influenced remark¬ 
ably by the laser dressing of the residual bound atomic 
state. This effect becomes more pronounced for higher 
photon numbers N- As we have shown in Sec. |HI C| how- 
ever only the channels with |iV| < Ncut contribute to the 
cross section. Since Ncut depends on the energy of the 
incident electron and the laser intensity II expect 
that also the total cross section as a function of Ei and 
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FIG. 4. Total cross section of laser assisted radiative recom¬ 
bination into the ground state of a hydrogen-like ion as a 
function of the initial electron energy Ei for three different 
nuclear charges (Z=l: black, Z=2: blue, Z=3: red). The 
calculations have been performed for a laser with the inten¬ 
sity II = 10'^®Wcm“^, laser photon energy huj = 2eV and 
a polarization angle x ~ 90° • We show results calculated 
with laser dressed bound state wave functions (solid lines) and 
results where the bound state dressing is neglected (dashed 
lines). 



laser intensity E [W/om^] 


is influenced by the bound state dressing. In order to 
study this we display in Fig. |^the total cross section (19) 
of LARR as a function of the incident electron energy for 
three different nuclear charges Z. For our calculations 
we set the laser intensity II = lO^^W/cm^ and the fre¬ 
quency hu!L = 2eV. Again we compare results obtained 
with the laser dressing being neglected (dashed lines) and 
taken into account (solid lines). From this comparison we 
see that in the latter case the LARR cross section is en¬ 
hanced. This difference between the two cases (with and 
without bound state dressing) vanishes for increasing ki¬ 
netic energies of the incident electron. For example for 
Z = 1 in the low energy regime at Ei = 5eV, a is is in¬ 
creased by a factor of 1.07. For Ei = 30 eV this factor is 
only 1.01. 


Up to now we discussed the total LARR cross section 
ais as a function of the initial electron energy Ei for dif¬ 
ferent nuclear charges Z and II = lO^^W/cm^. Beyond 
that we expect that ctis can also depend on the laser 
intensity. Figure shows the total LARR cross section 
as a function of the laser intensity II , again for three 
different nuclear charges Z. Moreover we present our re¬ 
sults for two sets of initial electron energies Ei = 5 eV • Z"^ 
and Ei = lOeV-Z'^. We apply this scaling of Ei to better 
illustrate how the dressing effects depend on Z. Because 
the laser free cross section is defined solely by the Som- 
merfeld parameter v = ^Z‘^ j{2Ei), the Z dependence of 
the total cross section at a fixed Ei/Z'^ comes from the 
bound state dressing only. Similarly to before we see in 
Fig. [5] that the effect of bound state dressing decreases 
with increasing energy Ei. Moreover the effect of bound 
state dressing is decreased for higher nuclear charges Z. 


FIG. 5. Total cross section for laser assisted radiative re¬ 
combination into the ground state of a hydrogen-like ion as a 
function of the laser intensity II for ojl = 2 eV and three dif¬ 
ferent nuclear charges (Z=l: black, solid; Z=2: blue, dashed; 
Z=3: red, dotted).The initial electron energy is normalized 
with respect to the nuclear charge such that Ei/Z'^ = 5eV 
(upper panel) and EijZ'^ = 10eV (lower panel). The polar¬ 
ization angle is x = 90°. For comparison the laser free case, 
respectively the result obtained with undressed bound state 
wave functions is shown (black dot-dashed line). 


This is due to the stronger binding of the electrons in the 
ground state of the hydrogen like ion. 


It can be seen in Fig. that the bound state dress¬ 
ing causes a qualitative different behaviour of the to¬ 
tal LARR cross sections. The results obtained without 
bound state dressing are independent on the laser inten¬ 
sity while the full calculations increase linearly with 7^. 
To explain this behaviour we insert the partial matrix 
element (151 into Eq. and perform the summation 
over N. Since for the discussed scenario Ncut < \Nmin\ 
is satisfied the sum can be extended to negative infinity. 
This enables us to use 


OO 


N — — 00 

= 1, 

(21a) 

OO 

i<-2 


N——00 

OO 

hi 

~ Y’ 

(21b) 

— OO 

= 0 for j e No, 

(21c) 















and to obtain the total cross section in the form 


Cls — 


47r"^ 

c^p 

E^r 


\ ' 




{E,-Ei)\MRRf 


+ 7A{iE,-Ei)\Mdr 
ZUJl 


+ i^L ' Py^^i^RRMdr)) 


( 22 ) 

From this expression we see that the total cross section 
scales quadratically with the laser electric field amplitude 
Er and therefore linearly with the laser intensity Ir. If 
in contrast the bound state dressing is neglected {Mdr = 
0), the total cross section (Jis does not depend on Ir. 
Moreover in this case Eq. (22) reduces to the standard 
’’laser-free” RR cross section. This implies that, within 
the present model, the assisting laser affects the total 
cross section solely via the bound state dressing. 


and the laser intensity Ir. We found that, within the va¬ 
lidity of our theory, the total cross section of LARR may 
be enhanced if the bound state dressing is taken into ac¬ 
count. It was shown analytically that this enhancement 
is linear in Ir. However if the bound state dressing is 
neglected the total LARR cross section is constant with 
respect to Ij;, and coincides with the total cross section 
of laser free radiative recombination. 

Laser assisted atomic processes gained rising interest 
for the recent years especially using intense laser fields. 
While it has been common to neglect dressing effects on 
bound atomic states this study stresses their importance 
for higher intensities. 
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In this paper we presented a theoretical study on the 
recombination of a free electron into the ground state of a 
hydrogen-like ion in the field of an external laser. We put 
special emphasis on the effects which arise from the laser 
dressing of the bound ionic state. In order to investigate 
how this dressing affects the total and angle-differential 
LARR cross section we applied the S-matrix theory and 
the dipole approximation for the coupling of the elec¬ 
tron to electromagnetic fields. Within this theory the 
incident electron in the combined field of the laser and 
the nucleus is described by a separable Coulomb-Volkov 
wavefunction. For the influence of the laser field on the 
final bound state we accounted using time dependent per¬ 
turbation theory up to the first order. 

Based on the developed approach we performed calcu¬ 
lations for the differential partial cross section dcrj^Vdllfc 
as a function of the emission angle Or and the energy 
uJk{N) of the recombination photon. We found that 
dcrj^VdUfe is symmetric around Or = 90° if the bound 
state dressing is neglected while the full calculations show 
an asymmetric shift of the angular distribution. Com¬ 
paring the energy distribution of the emitted recombi¬ 
nation photons obtained either with or without bound 
state dressing we see remarkable differences especially for 
higher photon numbers N. 

Moreover results have been obtained for the total cross 
section as a function of the incident electron energy Ei 


Appendix A: Derivation of the constituent matrix 
elements 


To derive closed expressions for the constituent matrix 
elements we insert the wave functions 'ijjp{r,t) and 
© into the general equation for the S-matrix 
(12). After time integration we find: 

MRR{p,Z)=f d^r<()ioo(r)(efe • V)V'p(r), (Ala) 


Mdr{p,Z)= [ d^reR ■ r(j)ioo{r){eR ■W)ipp{r). 

Jr3 


(Alb) 


To perform the spatial integration analytically we multi¬ 
ply the integrands by 1 = e*^ ’'|fc=o and obtain: 

MRRip, Z) = 2\^B{eR ■ Vfc) I{Z,p, , (A2a) 

Mdr{p,Z) = -i2^TT^B{eR ■ Vfe)(efc • Vfc) I(Z,p, fc)|^^Q , 

(A2b) 


where B has been introduced in Eq. (16) and Vfc is 
the gradient with respect to the components of k. The 
remaining integral over the spatial coordinates is now 
reduced to a standard atomic integral I{Z,p, k) that can 
be found, e.g., in Ref. [27] yielding 


I{Z,p,k) 


d^*’ i(p-k) r-Zr T7. I ■ ry XN . {P + {Z - ip)'^) 


(A3) 


r 


Using this relation and performing the fe-derivatives in 
(A2) we obtain the results shown in Eq. (16): 
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Mrr{p, Z) 

Mdr{p,Z) 


Be^ e I ~ M 

^ (l - ) (pf+ ji)2-J/p - 2(eL • ep)(e^ • ep) 


2p‘^ — ipZ \ 

^2 +p2 j ■ 


(A4a) 

(A4b) 
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